The developmental timing of all types of cells must be synchronized and spatially coordinated to achieve the organized development of a multicellular organism. Previously, we found RNAi of asb-1, encoding a germline-specific isoform of mitochondrial ATP synthase b subunit, caused 100% penetrant sterility in Caenorhabditis elegans. ATP synthase is one of the five complexes of the mitochondrial respiratory chain, and defects in some of the components of the chain are known to slow the growth and extend the lifespan of worms. We found that development of asb-1 mutant germ line was not arrested at any stage, but did slow to half the rate of wild type, whereas the rate of somatic development was the same in asb-1 mutants as that of wild type, indicating that asb-1 is required to maintain the rate of germline development but has no effect on somatic development. Among ATP synthase subunit genes, RNAi of asg-1, encoding a germline-specific isoform of the g subunit, also caused asb-1-like sterility, indicating that some other germline-specific components are also required to maintain the rate of germline development. Both asb-1 and asg-1 are located on autosomes while they possess counterparts, asb-2 and asg-2, respectively, on X chromosome, which are both required for somatic development. Chromosomal locations of the genes may be the basis of the segregation of germline/somatic functions of each gene, as were demonstrated for other autosomal/X-linked duplicated gene pairs.
Introduction
Germ line is a specialized tissue for reproduction. Germline stem cells actively proliferate and their progeny eventually undergo meiosis and follow stereotyped developmental processes of gametogenesis. Germ cells are also characterized by their totipotency and immortality (Saffman and Lasko, 1999) . Because of its specialty, germ line has a high degree of autonomy but is also supported and regulated by surrounding somatic tissues. In order to understand the mechanism of germline development, it is therefore important to study germline-specific functions, germline-soma interactions, and qualitative and quantitative difference of common functions between germ line and soma.
In Caenorhabditis elegans, the germ lineage arises from the P 4 founder cell, which is generated at the 16-24-cell stage of embryogenesis by a series of stem cell-like unequal divisions (Hubbard and Greenstein, 2000; Seydoux and Schedl, 2001; Seydoux and Strome, 1999) . P 4 divides only once during embryogenesis, giving rise to Z2 and Z3, the two primordial germ cells present in newly hatched L1 larvae. Z2 and Z3 undergo extensive mitotic proliferation throughout larval development and the adult stage, eventually producing over 1000 germ cells in the adult hermaphrodite. In hermaphrodites, distally located germ cells continue to proliferate mitotically, while the most proximal germ cells invariably enter meiotic prophase at the L3 stage. These cells undergo spermatogenesis during the late L4 stage and then, immediately after the L4 to adult molt, switch to oogenesis and continue to differentiate as oocytes for the remainder of the animal's life. In males, the distal germ cells also undergo extensive mitotic proliferation, while the proximal cells enter meiosis, differentiate into sperm, but never switch to oogenesis. The postembryonic germline development of C. elegans is known to be spatially controlled by several signaling pathways. They include the GLP-1 signaling pathway signaled from the somatic distal tip cells and the Ras-MAPK pathway presumably signaled from the somatic gonadal sheath cells (Austin and Kimble, 1987; McCarter et al., 1997) . However, how germline development is temporally controlled is still largely unknown.
Results from previous studies suggest that components of mitochondria may play a role in germline development. For example, mitochondria are concentrated in germline cytoplasm (germ plasm) and located in close vicinity of germ granules, a germline-specific determinative organelle, in fly and frog (Kobayashi et al., 1993; Mahowald and Hennen, 1971) . Also, a component of mitochondria, mitochondrial large ribosomal RNA, was previously shown to be required for formation of primordial germ cells (pole cells) in Drosophila (Kobayashi and Okada, 1989) . Finally, in one of our previous studies we found RNAi of a gene termed asb-1, which encodes a C. elegans ortholog of mitochondrial ATP synthase b subunit, caused 100% penetrant sterility (Hanazawa et al., 2001) . From this we reasoned that studying germline-specific components of mitochondria in C. elegans might provide new insight into germline development.
Growth and development of all organisms, including C. elegans, require energy and rely on the mitochondrial respiratory chain (MRC) for ATP synthesis (Tsang et al., 2001 ). The MRC is composed of five multi-subunit protein complexes. Complexes I-IV form the electron transport chain and generate a proton gradient across the inner membrane of mitochondria. Complex V, also known as ATP synthase, uses the proton gradient to catalyze the synthesis of ATP from ADP and inorganic phosphate (Boyer, 1997) . ATP synthase is a rotary machine that is composed of two motors, F 1 and F 0 , connected by a common rotor shaft and also by a side stalk called ''stator stalk'' (Boyer, 1997; Yoshida et al., 2001) . The b subunit encoded by the asb-1 gene is a component of the stator stalk. The proton gradient generated by complexes I-IV drives rotation of the F 0 motor and the common rotor shaft. The stator stalk prevents a 3 b 3 hexamer ring of the F 1 motor from being rotated with the common rotor shaft, and the resulting friction changes the conformation of the catalytic b subunits, which in turn leads to the generation of ATP.
Mutations in the genes for MRC complexes alter development: mutations in the nuo-1 gene, which encodes the NADH-ubiquinone oxidoreductase 51 kDa subunit of the complex I, the isp-1 gene, which encodes an iron sulphur protein of the complex III, and the atp-2 gene, which encodes the ATP synthase catalytic b subunit of the complex V, slow development, increase lifespan and cause larval arrest (Feng et al., 2001; Tsang et al., 2001 ). RNAi of some other genes for MRC complexes can also increase lifespan. This is the case with RNAi of nuo-2 gene encoding the NADH-ubiquinone oxidoreductase 30 kDa subunit of the complex I, cyc-1 gene encoding the cytochrome c1 subunit of the complex III, cco-1 gene encoding the cytochrome c oxidase subunit of the complex IV, and atp-3 gene encoding an ATP synthase subunit of the complex V (Dillin et al., 2002) . These results indicate that MRC complexes and related mitochondrial functions determine growth rate and/or lifespan of C. elegans.
This study describes the biological functions of mitochondrial ATP synthase, especially the germline-specific isoform of the b subunit, ASB-1, and its effect on germline development in C. elegans. We found that germline development of asb-1 mutants was not arrested, but slowed to half the rate of wild-type development, whereas the rate of somatic development was the same in asb-1 mutant and wild-type animals. From this and other observations, we conclude that ASB-1 helps to maintain the rate of germline development but has no effect on somatic development. Among other ATP synthase subunit genes, we found that RNAi of asg-1, encoding a germline-specific isoform of the g subunit, also caused asb-1-like sterility. In contrast, RNAi of asb-2 and asg-2, encoding another isoform of the b and g subunit, respectively, and both ubiquitously expressed throughout the body, caused slow growth and larval arrest similar to that described for MRC genes such as nuo-1 and atp-2 (Tsang et al., 2001) . asb-1 and asb-2, as well as asg-1 and asg-2 constitute autosomal/X-linked duplicated gene pairs. asb-2 and asg-2 are located on X chromosome and are likely to be germline-silenced due to germline-specific X chromosome silencing, which may give the basis of germline-specific functions of autosomally located asb-1 and asg-1, as were demonstrated for other autosomal genes of autosomal/X-linked duplicated gene pairs (Maciejowski et al., 2005) .
Results

Identification of the asb-1 and asb-2 genes
In our previous work, we used a two-step approach to identify genes essential to C. elegans germline development (Hanazawa et al., 2001) . First, we used cDNA subtraction and differential hybridization to search for genes specifically expressed in the germ line. Secondly, we determined the RNAi phenotype of these genes. In total we identified 15 genes that are germline-expressed and essential for the development.
One of the 15 genes is F35G12.10, which encodes a C. elegans ortholog of mitochondrial ATP synthase b subunit. RNAi of F35G12.10 causes 100% penetrant sterility. A second gene, F02E8.1, also encodes an ortholog of mitochondrial ATP synthase b subunit. F35G12.10 and F02E8.1 were named asb-1 and asb-2, respectively, after mitochondrial ATP synthase b subunit. The predicted gene products, ASB-1 (301 aa) and ASB-2 (305 aa), share 71% identity (214/301) and 85% similarity (256/301) with each other, and also share significant similarity with other orthologs in different species, from bacteria to human (Figs. 1B and C).
2.2. asb-1 is expressed specifically in the germ line whereas asb-2 is widely expressed Developmental Northern analysis using synchronous populations of wild-type animals showed asb-1 mRNA accumulates at late larval and adult stages, times when the germ line accounts for a large proportion of the body, while asb-2 mRNA was abundant throughout development ( Fig. 2A) . These results suggest that asb-1 mRNA is enriched in the germ line while asb-2 mRNA is continuously expressed in somatic tissues. Developmental in situ hybridization analysis confirmed and strengthened this view (Fig. 2B) . The spatio-temporal mRNA expression of asb-1 in postembryonic development matches the characteristic pattern of germline-specific genes; asb-1 mRNA was expressed specifically in the germ line since the early L1 stage, when germ line consists of two primordial germ cells, Z2 and Z3 (Fig. 2B left, arrows) . On the other hand, asb-2 mRNA was expressed widely and continuously in the whole body (Fig. 2B right) .
ASB-1::GFP localizes to mitochondria
As both ASB-1 and ASB-2 show significant sequence similarity with mitochondrial ATP synthase b subunit proteins of many species (Figs. 1B and C), they are expected to localize to mitochondria. Indeed, MITOPRED, a web server for the prediction of mitochondrial proteins, predicted that both ASB-1 and ASB-2 are mitochondrial proteins with 100% confidence (Guda et al., 2004) .
For experimental confirmation of their subcellular localization, we constructed a transgene consisting of pie-1 promoter, asb-1 genomic coding region fused to gfp, and 3 0 UTR of pie-1 (P pie-1 ::asb-1::gfp), and introduced it into recipient worms by the microparticle bombardment method (Praitis et al., 2001) . The promoter and the 3 0 UTR of pie-1 allow expression of GFP fusion proteins in the germ line and in early embryos (Strome et al., 2001) . Microparticle bombardment, which efficiently produces single or low-copy chromosomal insertions, also facilitates germline expression of transgenes (Praitis et al., 2001) . Gonads and embryos of transgenic worms were observed by confocal microscopy after co-immunostaining with anti-GFP antibody and the mitochondrial marker, anticomplex Va (ATP synthase a subunit) antibody. We found that ASB-1::GFP co-localized well with mitochondria in cytoplasm of oocytes and early embryos in transgenic worms (Fig. 3) . Nevertheless, we have not succeeded in rescuing the asb-1 mutant sterile phenotype (see below) with the transgene, presumably because the GFP tag of ASB-1::GFP fusion protein somehow hinders it from fully functioning, or because timing of expression is not identical between asb-1 and pie-1 promoters. Subcellular localization of ASB-1::GFP to mitochondria was demonstrated also by others (Hu and Barr, 2005 ). We have not tested the subcellular localization of ASB-2.
asb-1 deletion mutant worms are sterile
RNAi phenotype of asb-1 (F35G12.10) was previously described briefly by us and others (Colaiacovo et al., 2002; Hanazawa et al., 2001; Vastenhouw et al., 2003) . In order to analyze the biological functions of asb-1 further, we isolated the deletion alleles of asb-1, tm498 and tm499, by UV/trimethylpsoralen mutagenesis (GengyoAndo and Mitani, 2000) . We then balanced them with a balancer qC1 dpy-19 glp-1 [qIs26], and analyzed the phenotype of asb-1 homozygous mutant progeny produced by asb-1/qC1 dpy-19 glp-1 [qIs26] heterozygous mothers.
The deletion allele tm498 had a 551-bp deletion (corresponding to nucleotides 28739-29289 on cosmid F35G12) accompanied by a 1-bp addition of cytosine, which caused a large part of exon 3 and exon 4 in asb-1 genomic sequence to be missing (Fig. 1A) . The other allele, tm499, was determined to have a 554-bp deletion (corresponding to the nucleotides 28430-28983), which led to a lack of exons 4 and 5 (Fig. 1A) . Since homozygous mutant worms of both alleles showed sterility that was indistinguishable from that of asb-1 RNAi worms with complete penetrance, we assume that both tm498 and tm499 are strong loss-of-function, or even null, alleles of asb-1, and their sterile phenotypes are described below (data were mainly obtained from tm498). It should be also noted that a prominent embryonic lethality, which was observed in asb-1 RNAi analysis by us (Table 1 ) and others (Colaiacovo et al., 2002) , was not detected among the homozygous deletion mutant progeny produced by their heterozygous mothers (data not shown), presumably because maternal load of asb-1(+) could rescue the lethality, and is not described any further in this study.
asb-1 germ line develops at half the rate of N2
Newly hatched asb-1 homozygous mutant L1 larvae contain the two primordial germ cells, Z2 and Z3, normally, which indicates that embryonic germline development is not grossly affected by the mutation. To characterize the postembryonic germline development, asb-1 homozygous mutant hermaphrodites produced by the heterozygous mothers and wild-type N2 hermaphrodites were synchronized at the L1 larval stage, transferred simultaneously to seeded plates (=0 h), allowed to develop at 20°C, and sampled periodically. Several aspects of their postembryonic germline development as well as somatic development were evaluated and scored (Figs. 4 and 5) . In N2 hermaphrodites, the number of germ cells (germ nuclei) increased from two (Z2 and Z3) to over 1000 during the postembryonic development ($570 germ nuclei, ranging from 430 to 630, per gonad arm in an adult hermaphrodite, n = 20). Compared to N2, asb-1 mutant germ line was moderately underproliferated ($200 germ nuclei, ranging from 130 to 280, per gonad arm in an adult hermaphrodite, n = 20). Furthermore, although asb-1 germline development was not arrested at any specific stage, it was slowed to nearly half the rate of N2 during postembryonic stages. First, the asb-1 mutant germline population maximized $30 h later than N2 (N2 at 64 h and asb-1 at 90 h, data not shown). Secondly, immunofluorescence analysis revealed that N2 hermaphrodites started to produce sperm in the late L4 stage ( Fig. 4A at 50 h) and switched to produce oocytes immediately after the L4/adult molt ( Fig. 4B at 64 h, and Figs. 5A and B). asb-1 mutant hermaphrodites started to produce sperm in the adult stage ( Fig. 4A at 64-90 h) and switched to produce oocyte-like diakinesis-stage nuclei in the old adult stage ( Fig. 4B at 115-140 h, which is 55-80 h after the L4/adult molt, and Figs. 5E and F). The sperm and/or the oocyte-like diakinesis-stage nuclei produced by asb-1 mutant hermaphrodites were non-functional, as fertilized embryos were never observed in their uteri. Incompetence of both kinds of the asb-1 gametes was confirmed by either mating rarely produced asb-1 adult males with wild-type hermaphrodites or mating old adult asb-1 hermaphrodites with wild-type males (data not shown). We found that about half of the old adult asb-1 hermaphrodite gonads also contained a proximal region that was filled with ectopically proliferated mitotic germ nuclei (Figs. 5G and H, a bracket and dotted arrows). This observation was reported also by others (Colaiacovo et al., 2002) . This ectopic proximal germline proliferation (Pro phenotype) was recently correlated with delayed initiation of meiosis in germ cells compared to somatic gonad development (Killian and Hubbard, 2004; Killian and Hubbard, 2005) . We observed that germline apoptosis was also delayed in asb-1 mutant hermaphrodite gonads (Fig. 6 ). The germline cell death occurred at less than normal level, compared to wild type. Therefore, it is unlikely that the asb-1 germline development is slowed by excess cell deaths. The rate of germline development of asb-1 mutant males also appeared retarded when compared to that of N2 males, but we have not analyzed this phenotype quantitatively.
asb-1 somatic development is not different from that of N2
The timing of asb-1 and N2 somatic development appeared not to differ; vulval development progressed at almost identical rates in N2 and asb-1 hermaphrodites, and their vulval opening occurred at virtually the same time ( Fig. 4C at 54 h). We further examined somatic development by comparing the expression of COL-19::GFP, an adult-stage specific collagen marker expressed in hypodermis (Thein et al., 2003) , in asb-1 RNAi and control RNAi worms (Fig. 7) . The majority of asb-1 RNAi worms, all of which were sterile, started to express COL-19::GFP in the hypodermis several hours after the L4/adult molt (Figs. 7A, D and E; see vulval development time course in Fig. 4C for comparison) and this timing exactly matched that observed in mock RNAi fertile worms (Figs. 7A, B and C). From our evaluations of the vulval development time course and COL-19::GFP expression timing, we concluded that timing of somatic development in asb-1 mutants is not different from that in N2.
The somatic phenotype of asb-1 mutant clearly differs from that of other MRC mutants such as isp-1, nuo-1, and atp-2, in which development of all tissues (both germ line and soma) is slowed (Feng et al., 2001; Tsang et al., 2001) . Whereas atp-2, encoding an isoform of mitochondrial ATP synthase catalytic b subunit, was demonstrated to function cell non-autonomously (Tsang and Lemire, 2003) , asb-1 seems to function cell (tissue) autonomously in the germ line (see Section 3).
asb-2 RNAi causes larval arrest
To see how asb-2 functions compared with asb-1, we also analyzed the RNAi phenotype of asb-2. asb-2 RNAi in N2 caused embryonic lethality or larval arrest, in which all hatched progeny worms were arrested at the L2-L3 larval stages as described for nuo-1(ua1) and atp-2(ua2) Fig. 2 . Northern and in situ hybridization analyses of asb-1 and asb-2 transcripts. (A) asb-1 and asb-2 mRNA accumulation during development. RNA was prepared from wild-type hermaphrodite populations synchronized at each of the five different developmental stages (four larval and adult stages). asb-1 and asb-2 probes detected 1.3-kb and 1.6-kb transcripts, respectively. The 0.5-kb transcript of a ribosomal protein gene, rpp-1, was used as a loading control. (B) In situ hybridization analysis of asb-1 and asb-2 transcripts in whole-mount wild-type worms at different developmental stages (L1, L3 larval, and adult stages are shown). Wildtype worms were hybridized with cDNA probes for asb-1 (left) and asb-2 (right). Arrows indicate germline signals. Anterior is left. Bars, 50 lm.
mutants (Tsang et al., 2001) (Table 1) . asb-2 RNAi in the COL-19::GFP strain confirmed this view. While the majority of mock RNAi worms, as well as asb-1 RNAi worms, started to express COL-19::GFP after 60-72 h of incubation on seeded plates as described above (Figs. 7A, C and E), COL-19::GFP expression was not detectable in the majority of asb-2 RNAi worms even after 120 h of incubation (Figs. 7A and G).
In asb-2 RNAi arrested larvae, the germ line was also arrested at the L2-L3 stages (Figs. 7F and H) . This suggests two possibilities. asb-2 may have an essential function in the germ line as well as in the soma. Alternatively, asb-2 may have an essential function only in the soma, where asb-2 is strongly expressed (Fig. 2B ), but the somatic defect caused by asb-2 depletion prevents the germ line from developing beyond the L2-L3 stages. These possibilities were tested by examining whether asb-2 has any functions in the germ line apart from its roles in the soma (see below).
asb-2 plays no or minor roles in the germ line
To examine the possible functions of asb-2 in the germ line, asb-2 RNAi was performed in the rrf-1 mutant, in which effective RNAi does not occur in somatic tissues, but does occur normally in the germ line (Sijen et al., 2001) . asb-2 RNAi in rrf-1 mutant allowed about half of the hatched progeny worms to become adults, all of which were fertile (Table 1) . Levels of RNAi knockdown are different among different time points after RNAi treatment. For asb-2 RNAi, we observed different levels of embryonic or larval lethality in different time windows (Table 2) . Nevertheless, we did not find sterile adult progeny in any time window of asb-2 RNAi (even in the final window, when RNAi effect was strongest). Under the same conditions, asb-1 RNAi and asb-1; asb-2 double RNAi caused 100% sterility among adult progeny, suggesting that asb-2 plays either no roles or a very limited role in the germ line compared to asb-1 (Table 2) .
To further examine the possibility that asb-2 plays a minor role in the germ line, we followed time course of germline development in both asb-2 RNAi and asb-1; asb-2 double RNAi animals, using rrf-1 mutants and the L1 soaking method (Fig. 8) . In this method, RNAi-treated worm populations resumed development highly synchronously and embryonic lethality was also abrogated (see Section 4). Again, asb-2 RNAi in rrf-1 mutant produced both arrested larvae and adult worms, and the latter were all fertile. Under the circumstances, we followed germline development only in worms that developed beyond the L3 stage, and detected a slight delay in germline development in these animals compared to control animals ( Figs. 8A and B) . Because asb-2 RNAi in rrf-1 mutant slightly retarded somatic development as well, the observed delay in germline development in asb-2 RNAi worms could be a secondary effect of the delayed somatic development. On the other hand, both asb-1 RNAi and asb-1; asb-2 double RNAi adult worms Fig. 3 . ASB-1::GFP localizes to mitochondria. P pie-1 ::asb-1::gfp transgene was introduced into unc-119 worms by microparticle bombardment method, and a gonad and embryos of the transgenic worms were co-immunostained with rabbit anti-GFP antibody and mouse monoclonal anti-complex Va (ATP synthase subunit a) antibody, then observed under a confocal microscope. ASB-1::GFP fusion protein (green) was shown to co-localize well with mitochondria (red) in adult gonad germ line (the image in inset is an enlarged and merged view of oocytes in the white squares) as well as in early embryos (merge, yellow) under the control of pie-1 promoter. Bars, 10 lm.
showed much slower rates of germline development. However, no significant difference in the rate of germline development was observed between these two populations. Therefore, we consider that asb-1 and asb-2 do not function redundantly in germline development. The slightly delayed germline development in asb-2 RNAi worms may indicate that asb-2 has a minor role in the germ line, but the effect was not so strong as to cause a major defect, such as developmental arrest or sterility. These results therefore favor the scenario that in the global absence of asb-2 activity (e.g. caused by asb-2 RNAi in N2 background), the somatic defect prevents the germ line from developing beyond the developmental stage of the soma.
In contrast to asb-2, asb-1 RNAi in rrf-1 mutant showed almost identical results with asb-1 RNAi in N2, in which all hatched progeny worms became sterile adults (Table  1 ). This result indicates that asb-1 functions specifically in the germ line.
2.9. RNAi analysis of ATP synthase subunit genes in N2 and rrf-1
To test whether ASB-1 protein is actually functioning as a component of ATP synthase in C. elegans germline development, we extended the RNAi phenotype analysis to other ATP synthase subunit genes, assuming that if ASB-1 is functioning as a component of ATP synthase, RNAi of other components should also cause similar sterility (Table 1) . As ATP synthase is an evolutionally conserved protein complex, we could identify C. elegans orthologs for many of the subunits (Table 1) . In N2 background, RNAi of only asb-1 and K07A12.3 produced sterile worms. RNAi of rest of the genes caused embryonic lethality and larval arrest as seen in asb-2 RNAi. K07A12.3, which encodes one of the two orthologs of the g subunit, was termed asg-1 (for ATP synthase g subunit), and C53B7.4 encoding the other ortholog was termed asg-2. The sterile phenotype of N2 worms treated with asg-1 RNAi was very similar to that of asb-1 deletion mutants, in which germline development was significantly slowed as compared to N2 control worms (Fig. 9) . In addition, the rate of germline development in asb-1 mutant worms treated with asg-1 RNAi was not further slowed as compared to that in asb-1 mutant control worms or N2 worms treated with asg-1 RNAi (Figs. 9A and B) . These results suggest that ASB-1 and ASG-1 are functioning in the same pathway or in the same complex. asb-1 and asg-1 are located on autosomes (asb-1 on chromosome III and asg-1 on chromosome I, respectively), and asb-2 and asg-2 are located on X chromosome (Table 1) . Thus, asb-1 and asb-2, as well as asg-1 and asg-2 constitute autosomal/X-linked duplicated gene pairs. The fact that asb-1 and asg-1 are autosomal copies of the autosomal/X-linked duplicated gene pairs may give the basis of their germline-specific functions (see Section 3). Unfortunately, in situ hybridization signals of both asg-1 mRNA and asg-2 mRNA were fairly weak and it was difficult to judge whether either of Table 1 RNAi analysis of ATP synthase subunit genes in N2 and rrf-1 Domain worms. RNAi analysis was performed as described in Section 4. Emb, embryonic lethal; Lva, larval arrest; Ste, sterile adult worms; fertile, fertile adult worms. Six mothers were soaked in double-strand RNA solution in each RNAi experiment. And the proportion of their progeny that displayed the four phenotypes were scored and shown in percentages. More than 300 progeny were scored in each RNAi experiment.
them were specifically expressed in the germ line. We found that C. briggsae, another nematode species, also contains two copies of orthologous genes for both b and g subunit of mitochondrial ATP synthase in the genome, with one of each predicted on an autosome and the other on X chromosome as in C. elegans (data not shown). Therefore, having two copies of ATP synthase b and g subunit genes as autosomal/X-linked duplicated gene pairs might be a conserved feature of some nematode species. In rrf-1 background, in addition to asb-1 and asg-1, RNAi of several other genes also produced sterile worms (Table 1) . These results suggest that these genes are also functioning in the germ line but their germline phenotypes are masked by their somatic defects. Results of RNAi analysis of ATP synthase subunit genes in N2 and rrf-1 suggest that the germline-specific components, including ASB-1 and ASG-1, as well as those components that function in both germ line and soma, may constitute a specific ATP synthase complex in the germ line that executes the specific functions.
Discussion
ATP synthase is one of the five protein complexes constituting the mitochondrial respiratory chain (MRC) which provides ATP, the energy source required for all of an organism's biological activities (Boyer, 1997; Yoshida et al., 2001 ). Mutations and RNAi of the MRC genes slow development, increase lifespan, and cause developmental arrest in C. elegans (Dillin et al., 2002; Feng et al., 2001; Tsang et al., 2001 ). These results indicate that mitochondria and especially the MRC complexes determine growth rate and/or lifespan of C. elegans. In other organisms, germline-specific functions of mitochondria or their components have been described. For example, in Drosophila, a component of mitochondria, mitochondrial large ribosomal RNA, was found to be required for the formation of pole cells, the primordial germ cells (Kobayashi and Okada, 1989) . However, in C. elegans, comparable studies had not yet been described. Through the molecular and genetic analyses of the components of mitochondrial ATP synthase, we identified the germline-specific components, and demonstrated that these components function to maintain the rate of germline development.
Functions of ASB-1 and ASB-2 in germ line and soma
In this study, we demonstrated that in the C. elegans genome there are two genes, asb-1 and asb-2, which are orthologous to the b subunit of mitochondrial ATP synthase, that asb-1 is specifically expressed in the germ line whereas asb-2 is ubiquitously expressed throughout the body, and that the ASB-1 protein is indeed localized to mitochondria as was predicted. Analysis of the mutant and RNAi phenotypes revealed that ASB-1 is required for postembryonic germline development. The absence of ASB-1 slowed the rate of germline development to nearly half the rate of that in wild-type animals, whereas the rate of somatic development was not altered. On the other hand, the absence of ASB-2 caused stage L2-L3 larval arrest in postembryonic development, similar to that previously described for the mutants of nuo-1 and atp-2, which are two of the MRC genes (Tsang et al., 2001 ). These results indicate that, although their molecular functions may be the same, action of ASB-1 in the germ line has a consequence of maintaining the rate of germline development while having no effect on somatic development, Fig. 4 . asb-1 germline development is twice as slow as that of N2, but asb-1 somatic development is normal. asb-1 homozygous worms produced by asb-1/+ heterozygous mothers and wild-type N2 worms were synchronized at L1 larval stage, transferred simultaneously to seeded plates, allowed to develop at 20°C, and several events of their postembryonic germline development as well as somatic development were scored at each time point. (A) Synchronized worms were recovered at each time point, immunostained with monoclonal antibody SP56, which recognizes a sperm-specific antigen, and percent gonad arms positive for the marker were scored. (B) Synchronized worms were recovered at each time point, stained with DAPI, and percent gonad arms that contained diakinesisstage oocyte nuclei were scored. (C) Synchronized worms were examined at each time point under Nomarski microscope to observe their vulval morphology, and percent worms that had opened vulva were scored. Bars represent mean ± SEM. Twenty to 40 gonad arms were scored at each time point in (A) and (B). About 100 worms were scored at each time point in (C). The x axes are time in hours after synchronized L1 worms were transferred to seeded plates. Note that the time scale in (C) is slightly different from those in (A) and (B).
whereas action of ASB-2 in the soma has a more general consequence than ASB-1, like NUO-1 and ATP-2.
Using mosaic analysis, Tsang and Lemire demonstrated that the loss of the atp-2 gene in any somatic tissue could provoke larval arrest presumably because atp-2(À) tissues prevented the other atp-2(+) tissues from developing past the L2-L3 larval stages (Tsang and Lemire, 2003) . Occasionally, however, animals without the atp-2 gene in one or two somatic lineages developed into intact adult worms. In these cases atp-2(À) tissues developed past the L2-L3 larval stages because of the presence of neighboring atp-2(+) tissues. Thus, the atp-2 gene activity seems to be involved in a global cell non-autonomous process by which all somatic cells reach a consensus regarding whether they all continue to develop past the L2-L3 larval stages or not. We suppose that ASB-2 may function in a similar manner as ATP-2 in somatic cells. In contrast, in asb-1 mutants, neither did asb-1(À) germ line prevent asb-2(+) soma from developing normally, nor were defects in asb-1(À) germ line rescued by asb-2(+) activity in the soma. This indicates that germ line is highly insulated from other parts of the body with respect to energy metabolism and ASB-1 functions cell (tissue) autonomously in the germ line.
asb-2 RNAi caused L2-L3 larval arrest along with arrest of germline development at the same stages, despite the fact that ASB-1 must have been present in the germ line (Figs.  7F-H) . We obtained several results indicating that asb-2 plays either no or only limited roles in the germ line (Tables 1, and 2, and Fig. 8) . Therefore, we consider that in the absence of asb-2, the somatic defect prevented the germ line from developing beyond the developmental stage of the soma. This extends the well-documented idea that although C. elegans germline development is inherently autonomous, it is still under a strict control of the soma (Austin and Kimble, 1987; McCarter et al., 1997; Killian and Hubbard, 2004; Killian and Hubbard, 2005) .
The importance of soma-germline interaction was also illustrated by the Pro phenotype observed in the asb-1 mutants. Killian and Hubbard found that a reduction-offunction mutation of the pro-1 gene, which is required in the sheath/spermatheca lineage of the somatic gonad, causes the Pro phenotype (Killian and Hubbard, 2004) . The Pro This N2 gonad cultured for 64 h, at immediately after the L4/adult molt, had $10 phospho-histone H3 positive germ nuclei on mitosis (dotted arrows), many sperm (arrows) and diakinesis-stage oocytes (arrowheads). N2 gonads cultured for longer periods basically showed similar morphology and organization as A and B, except that numbers of both phospho-histone H3 positive germ nuclei and sperm were eventually decreased (data not shown). (C and D) This asb-1 gonad cultured for 64 h, also at immediately after the L4/adult molt, had fewer germ cells and neither sperm nor oocytes (some other asb-1 gonads cultured for the same period contained a few germ cells on spermatogenesis but never contained oocytes). (E and F) This asb-1 gonad cultured for 115 h, at $60 h after the L4/adult molt, had a few sperm (an arrow) and oocyte-like germ nuclei (arrowheads), which were all non-functional. (G and H) This asb-1 gonad, also cultured for 115 h, contained a proximal region that was filled with ectopically proliferated mitotic germ nuclei (note the two phospho-histone H3 positive germ nuclei indicated with dotted arrows as well as many DAPIstained germ nuclei in the proximal region marked with a bracket), in addition to some sperm (arrows) and oocyte-like germ nuclei (arrowheads). This Pro phenotype was observed in about half of the old adult asb-1 gonads. Bars, 10 lm.
phenotype is characterized by an ectopic mass of mitotically proliferating germ cells that occupies the proximal region of an adult gonad where gametes are normally found. Killian and Hubbard also found that pro-1 mutants, like asb-1 mutants, show relative delay of germline development in relation to somatic development; the delay in germline development causes inappropriate juxtaposition of mitotic germ cells with somatic gonadal sheath cells located at the proximal region of an adult gonad. They further demonstrated by cell ablation studies that this inappropriate juxtaposition is critical for the Pro phenotype of the germ cells in pro-1 mutants (Killian and Hubbard, 2004; Killian and Hubbard, 2005) . This inappropriate soma-germline interaction may also explain the reason why about half of the old adult asb-1 mutant gonads displayed the Pro phenotype (Figs. 5G and H) . The presence of Pro phenotype in asb-1 mutants also demonstrates that a dearth of ASB-1, or germline-specific ATP synthase, does not grossly interfere with the potential of the germ line to proliferate mitotically in response to somatic signals.
Identifying germline-specific components and functions of mitochondrial ATP synthase
By extending the RNAi phenotype analysis to other ATP synthase subunit genes found in the C. elegans genome, we have identified another germline-specific component, ASG-1, along with several other components that seem to function in both germ line and soma (Table 1) . In wild-type N2 animals, only asb-1 RNAi and asg-1 RNAi generated a sterile phenotype, whereas in rrf-1 animals, RNAi of several other subunit genes also generated a sterile phenotype. These results indicate that these genes are also functioning in the germ line, but that their germline phenotypes are normally masked by their somatic defects. Thus, we have demonstrated that the functions of ASB-1, ASG-1, and possibly other components of ATP synthase, are essential for C. elegans germline development. As each of these genes showed similar slow germline development phenotype, and asg-1 RNAi in asb-1 animals did not exhibit a stronger phenotype than non-RNAi control in asb-1 animals or asg-1 RNAi in N2 animals (Fig. 9) , we assume that those germline-expressed subunits function in the same pathway, or are assembled into a specific ATP synthase in the germ line.
Why do worms possess germline-specific genes for ATP synthase components? This issue may be related to the global gene regulation mechanism in the germ line, which is somewhat different from that in the soma. Especially, germline-specific X chromosome silencing is known to occur in the genomes of many organisms, including that of C. elegans (Fong et al., 2002; Kelly et al., 2002) . Germline-specific X chromosome silencing could prevent many essential genes located on X chromosome from functioning in the germ line, and some forms of genomic reorganization might have evolved to solve this problem. Maciejowski et al. have recently described three genes (rpl-11.1, pab-1, and glp-3/eft-3) that encode germline-specific isoforms of factors involved in translation and/or RNA metabolism (Maciejowski et al., 2005) . They showed that each of the three genes, which are all located on autosomes, has a counterpart on X chromosome and constitutes an autosomal/X-linked duplicated gene pair. They also demonstrated that the autosomal genes have germline-specific functions while the X-linked genes function only in somatic tissues. They further extended these observations to the whole genome and suggested that at least 16% of the autosomal/X-linked gene pairs that likely encode essential genes have subdivided functions between the two gene copies expressed in germ line and soma (Maciejowski et al., 2005) . Interestingly, asb-1 and asb-2, as well as asg-1 and asg-2 also constitute autosomal/X-linked duplicated gene pairs. This explains our observations well: asb-2 and asg-2 are located on X chromosome and are likely to be germline-silenced, giving the basis of germline-specific functions of asb-1 and asg-1. Nevertheless, the mutant phenotype of the above three genes (rpl-11.1, pab-1, and glp-3/eft-3) was not the same as that of asb-1 and asg-1. The mutants of the three genes exhibited severe germline proliferation defect and their germline development was arrested at early stages, which is clearly different from slow germline development observed in asb-1 and asg-1 mutants. One possible explanation for the difference of the phenotype is that, in asb-1 and asg-1 mutants, although energy production is mostly halted in the absence of the functions of mitochondrial respiratory chain (MRC), some ATP may be still generated by glycolysis. This low level of ATP might be sufficient for supporting germline development at a reduced rate, although contribution of other functions of the MRC Fig. 6 . Germline apoptosis in asb-1 mutant gonads. asb-1 homozygous worms produced by asb-1/+ heterozygous mothers and wild-type N2 worms were synchronized at the L1 larval stage, transferred simultaneously to seeded plates, and allowed to develop at 20°C as in Fig. 4 . The number of germ cells that were stained positively with SYTO12, a vital dye that preferentially stains apoptotic cells, in each gonad arm was scored at each time point as described (Gumienny et al., 1999) . Bars represent mean ± SEM. Forty gonad arms were scored at each time point for each strain. The x axis represents time in hours after synchronized L1 worms were transferred to seeded plates. such as oxygen consumption and pH regulation to the proper germline development cannot be neglected.
As described earlier, MRC is important for determining the life span, probably because its activity is directly linked to generation of oxidative stress. Germ line is a special tissue that in principle does not suffer from aging. Therefore, components of MRC might be qualitatively different between germ line and soma. It is an interesting subject in the future to see whether ASB-1/ASG-1 and ASB-2/ ASG-2 are functionally different. Emb, embryonic lethal; Lva, larval arrest; Ste, sterile adult worms; Fertile, fertile adult worms. RNAi analysis was performed as in Table 1 , but proportion of the progeny displaying the four phenotypes were scored and displayed separately at three different laying time points. Fig. 8 . asb-1; asb-2 double RNAi in rrf-1 mutants. To test whether asb-1 and asb-2 function partially redundantly in germline development, double RNAi of asb-1 and asb-2, along with single RNAi of asb-1 or asb-2, was carried out in rrf-1 mutant background using the L1 soaking method. About 100 synchronized rrf-1 L1 worms were soaked in each of the double-strand RNA solutions for 24 h, transferred to seeded plates, and allowed to develop at 20°C as in Fig. 7 . Sperm (A) and oocyte (B) development was scored at each time point as in Fig. 4A and B. For asb-2 RNAi and asb-1; asb-2 double RNAi, only worms that developed beyond the L3 stage (i.e., non-arrested worms) were sampled and scored for their germline phenotypes at each time point. Bars represent mean ± SEM. Forty to 50 gonad arms were scored at each time point for each RNAitreated worms. The x axes are time in hours after synchronized L1 worms were transferred to seeded plates. Fig. 9 . asg-1 RNAi in N2 and asb-1 mutants. To compare the phenotype of asg-1 RNAi with that of asb-1 mutants, and to test whether asb-1 and asg-1 function in the same pathway in germline development, RNAi of asg-1 in wild-type N2 worms or in asb-1 mutant worms was carried out in parallel using the L1 soaking method. About 100 synchronized N2 or asb-1 L1 worms were soaked in each of the double-strand RNA solutions for 24 h, transferred to seeded plates, and allowed to develop at 20°C as in Fig. 7 . Sperm (A) and oocyte (B) development was scored at each time point as in Fig. 4A and B. Bars represent mean ± SEM. Forty to 50 gonad arms were scored at each time point for each RNAi-treated worms. The x axes are time in hours after synchronized L1 worms were transferred to seeded plates.
As discussed above, ASB-1 and ASG-1 are likely to be the components of MRC. We also note, however, the work by Hu and Barr (2005) , who suggested a non-MRC function of ATP synthase subunits. According to them, ATP-2 interacts with the protein LOV-1, which is required for normal male mating behaviors and is localized to sensory cilia where mitochondria are not found. They found that ATP-2 and other components of ATP synthase are indeed localized to sensory cilia in addition to mitochondria in male-specific neurons. Furthermore, they found that RNAi of ATP synthase components, but not that of the other MRC complex components, interferes with the male mating response. These results indicate that ATP synthase can localize outside of mitochondria in specific cells and can have a special function independent of the MRC functions. We found that ASB-1 is predominantly localized to mitochondria in the germ line and early embryos (Fig. 3) , but we cannot exclude the possibility that a minor fraction of ASB-1 or the presumptive germline-specific ATP synthase is actually located outside of mitochondria in germ cells. In addition, we have not thus far identified any germline-specific component among the C. elegans MRC complexes other than the ATP synthase. Therefore, the germline-specific ATP synthase may indeed have a special function independent of the MRC functions, as does the ATP synthase localized to sensory cilia. Further analysis is necessary to discern between these possibilities.
Experimental procedures
C. elegans strains and deletion mutant screening
Standard methods were used for the maintenance and manipulation of C. elegans (Brenner, 1974) . C. elegans strain N2 variety Bristol was used as the wild-type strain. In addition, the following mutant alleles and balancer were used: (LGI) rrf-1(pk1417); (LGIII) asb-1(tm498, tm499), unc-119(ed3), qC1 dpy-19(e1259) glp-1(q339) [qIs26] . The asb-1 deletion mutant alleles, tm498 and tm499, were obtained by UV/trimethylpsoralen mutagenesis (Gengyo-Ando and Mitani, 2000) . The asb-1 mutant strains were backcrossed seven times and balanced with qC1 dpy-19 glp-1 [qIs26] before the phenotype analysis. The balancer qC1 dpy-19 glp-1 [qIs26] was paired with asb-1 by mating asb-1/+ males to hermaphrodites of the strain JK2533: qC1 dpy-19(e1259) glp-1(q339) [qIs26] III/eT1 (III;V), which was obtained from Caenorhabditis Genetics Center. Nested primers used for the PCR screening of the asb-1 deletion mutations were 5 0 -GGTAATGCTCATCCGAGTGT-3 0 and 5 0 -TCTGGAGCCATCG TCGTTTT-3 0 for the first round, and 5 0 -CCTGGATG ATCATCCTG CAT-3 0 and 5 0 -CCGATGGCACTACGAATACA-3 0 for the second round reaction, respectively.
Northern and in situ hybridization analyses
Northern hybridization analysis was performed as previously described (Hanazawa et al., 2004) . The cDNA clones, yk519f1 and yk58a12, were used as probes to detect the asb-1 and the asb-2 transcripts, respectively. A cDNA clone of a ribosomal protein gene, rpp-1, was used as the loading control probe (Evans et al., 1997) . Whole-mount in situ hybridization analysis was performed by Kohara et al. The data are presented with his permission. The cDNA clones, yk519f1 and yk91e6, were used as probes for the asb-1 and the asb-2 transcripts, respectively.
Vector construction and generation of transgenic worms
The Gateway cloning technology (Invitrogen) was used to construct some of the vectors. asb-1 (F35G12.10) genomic coding sequence (coordinates 29614-28460 on cosmid F35G12) was PCR-amplified from F35G12 using primers 5 0 -AGGAGGACCGGTATGTCGTTGAGTCGCTTGT CATC-3 0 and 5 0 -AGGAGGACCGGTACAGCAATACCCTTGAGTT G-3 0 , digested with AgeI, and cloned between two adjacent AgeI sites on pPD118.25 (L3786) to fuse the coding sequence in frame into the gfp (S65C variant) sequence. The resulting asb-1::gfp fusion sequence was amplified by two rounds of PCR, using primers 5 0 -AAAAAGCA GGCTGTATGTCGTTGAGTCGCT-3 0 and 5 0 -AGAAAGCTGGGTT TACTTGTATGGCCGGCTA-3 0 for the first round, and attB1 adapter and attB2 adapter primers (Invitrogen) for the second round, to prepare attB1-asb-1::gfp-attB2 PCR product. The attB-PCR product was then integrated into pDONR201 (Invitrogen) by BP recombination reaction to produce pENTR-asb-1::gfp. Finally, the asb-1::gfp sequence flanked by two attL sites on pENTR-asb-1::gfp was transposed into pID2.02 destination vector (a gift from Dr. Geraldine Seydoux) by LR recombination reaction to create pID-asb-1::gfp, on which the asb-1::gfp sequence is flanked by pie-1 promoter and pie-1 3 0 UTR sequences via attB sites. To generate a strain containing the pie-1 promoter::asb-1::gfp::pie-1 3 0 UTR transgene that is stably expressed in the germ line, microparticle bombardment of unc-119(ed3) worms with pID-asb-1::gfp DNA was carried out as described (Praitis et al., 2001 ). The transgenic strain TP12: kaIs [col-19::gfp] , which expresses an adult-stage specific collagen marker COL-19::GFP in the hypodermis, is a gift from Dr. Antony Page (Thein et al., 2003) .
Immunofluorescence analysis
Immunostaining of extruded gonads and embryos was performed as described (Hanazawa et al., 2004; Kawasaki et al., 2004; Kawasaki et al., 1998) . For immunostaining, primary antibodies used were rabbit anti-GFP (Molecular Probes) diluted 1:200, rabbit anti-phospho-histone H3 (Upstate Biotechnology) diluted 1:200, mouse monoclonal anti-complex Va (Mitosciences) diluted 1:500, and mouse monoclonal spermatogenesisspecific antibody SP56 (a gift from Dr. Susan Strome) undiluted supernatant. Secondary antibodies used were Alexa Fluor 546 goat anti-rabbit IgG (Molecular Probes) diluted 1:200 and FITC-conjugated goat antimouse IgG (Jackson) diluted 1:100. Samples were examined using either an Axioskop 2 MOT microscope (Zeiss) equipped with Nomarski DIC and epifluorescence optics, or an Axioplan 2 microscope (Zeiss) equipped with CSU21 confocal scanner unit (Yokogawa). Images were acquired using an ORCA-ER digital camera (Hamamatsu) and processed with either Openlab (Improvision) or MetaMorph (Universal Imaging) software.
Time course analysis
Gravid mother hermaphrodites were transferred into a drop of S-basal on a glass-slide well with avoiding food contamination. The worms were incubated at 20°C overnight in a moisture chamber in order for their laid embryos develop and hatch. The hatched larvae, which were all arrested at L1 larval stage by starvation, were selectively transferred to seeded plates with a capillary glass pipette in order that they would resume development simultaneously. These worms, now growing synchronously at 20°C, were periodically sampled and several events of their postembryonic germline development as well as their somatic development were scored by DAPI staining, immunostaining, Nomarski DIC, and fluorescence microscopy. asb-1 homozygous mutant progeny produced by asb-1/qC1 dpy-19 glp-1 [qIs26] heterozygous mothers could be easily distinguished from their heterozygous siblings from early (L1-L2) larval stages because the heterozygous siblings were rollers and their distal tip cells glowed by the presence of rol-6(su1006) and lag-2::gfp, respectively, in qIs26. qC1 dpy-19 glp-1 [qIs26] homozygotes did not survive.
RNAi analysis
RNAi analysis was performed using the ''RNAi-by-soaking'' method as described (Maeda et al., 2001) , with the following modifications: For RNAi of TP12, first, synchronized L1 worms were prepared as described in ''time course analysis''. L1 worms were then soaked for 24 h in the double-strand RNA solution transcribed in vitro from the cDNA clone (either yk519f1 for asb-1 RNAi or yk58a12 for asb-2 RNAi, about 100 L1 worms were soaked per RNA sample), retrieved, and then transferred to seeded plates where they resumed development at 20°C. Then, synchronously growing RNAi-treated TP12 worms were periodically scored for their expression of COL-19::GFP, the adult-stage specific marker. For RNAi of N2 and rrf-1, six L4 hermaphrodites (mothers) were soaked for 24 h in each of the double-strand RNA solutions transcribed in vitro from respective cDNA clones (yk clones) listed in Table 1 . Mother worms were then retrieved and put onto individual seeded plates, incubated at 20°C for 72 h. During the 72-h incubation they were transferred to new plates every 24 h (24 h/plate · 3 plates) so that they laid embryos in 24-h intervals, after which they were discarded. Three days after the mothers were removed from the plates the phenotypes of the progeny were scored. The adult progeny worms were judged to be fertile or sterile according to the presence or absence of fertilized embryos in their uterus.
